Introduction
[2] The Japanese Islands have long suffered from great mega-thrust earthquakes. The Nankai Trough, where the Philippine Sea plate is subducting beneath southwest Japan at an annual rate of about 65 mm/yr [Heki et al., 1999] , has been the site of M $ 8 class earthquakes every 100-200 years over the last one thousand years [e.g., Ando, 1975; Sangawa, 1993; Kumagai, 1996] . The 1944 Tonankai and the 1946 Nankaido earthquakes are the latest such events. Although the Nankai and Tonankai areas are known for great earthquakes, no such events are known to have occurred in the Hyuganada region along the east coast of Kyushu, where the largest historical event is the M7.5 1968 Hyuganada earthquake. The area is instead characterized by intermediate (M $ 7) earthquakes [e.g., Shiono et al., 1980] .
[3] The Japanese nationwide GPS network, GEONET (GPS Earth Observation Network) [e.g., Miyazaki et al., 1997] has helped to elucidate the interseismic crustal velocity field in southwest Japan. Inversion of these data suggests that the plate interface in the Nankai -Tonakai area is strongly coupled while the Hyuganada area is only weakly coupled [e.g., Ito et al., 1999] . These two areas are separated by the Bungo Channel where the interseismic coupling may change abruptly, perhaps due to changes in fault zone constitutive properties or fault geometry.
[4] In the Hyuganada area, two thrust earthquakes, both M W = 6.7, occurred on 19 October and 2 December 1996 [e.g., Yagi et al., 1999 Yagi et al., , 2001 . Postseismic deformation similar to that following the 1994 Sanriku Haruka Oki earthquake [Heki et al., 1997] might be expected to be recorded by GEONET. In addition to the postseismic deformation, Hirose et al., [1999] reported a ''slow thrust slip event'' that occurred beneath the Bungo Channel in 1997. This event is characterized by an extremely long duration of $300 days. Hirose et al. [1999] modeled the transient signal with a trapezoidal source time function, and inverted the total displacement field to infer the net transient fault slip distribution. They concluded that the maximum fault slip was 0.18 m over a 60 Â 60 km 2 area, corresponding to a seismic moment of 1.1 Â 10 19 Nm (corresponding to M W 6.6).
[5] Previously, it had been almost impossible to retrieve the spatiotemporal history of fault slip in the period band of days to months, because data was limited to infrequent geodetic surveys. Permanent GPS networks offer a continuous record of the deformation field. Given the spatial density of modern networks, such as GEONET, we are able to infer the space -time evolution of fault slip during the interseismic period. Segall and Matthews [1997] proposed one method, the Network Inversion Filter (NIF), to retrieve the time dependent history of the slip distribution using continuous geodetic data.
[6] In the present paper, we employ a modified version of the NIF that accounts for errors in the GPS reference frame, and allows nonnegativity constraints and automatic determination of the spatial and temporal smoothing parameters (McGuire, J., and P. Segall, Imaging of aseismic slip transients recorded by dense geodetic networks, submitted to Geophysical Journal International, 2002, hereinafter referred to as McGuire and Segall, submitted manuscript, 2002) . We apply the method to GEONET data in southwest Japan to estimate the spatiotemporal variation of afterslip following the two Hyuganada earthquakes and the silent thrust slip event. Since we focus on the first 1.5 years after the earthquakes, viscous-like relaxation of the lower crust is not expected to be the dominant process and is ignored in our analysis. Other time-dependent processes, such as poroelasticity are also not treated in this work. In addition to systematically studying the slow slip event, we investigate whether afterslip following the Hyuganada quakes propagated to the north, triggering the slow thrust event, or whether the slow earthquake nucleated independently of the Hyuganada earthquakes.
[7] Ozawa et al. [2001] also investigated the silent thrust event using related methods. Although their approach is similar to ours in that both employ Kalman Filtering methods based on the approach of Segall and Matthews [1997] , the details are different. Specifically, the parameterization of fault geometry and slip-rate distribution, the time dependent slip model, regularization methods, and the treatment of seasonal variations in GPS time series, are all handled differently. Furthermore, we include a nonnegativity constraint on fault slip, and estimate the spatial and temporal smoothing parameters automatically in an extended Kalman Filter. Ozawa et al. [2001] showed, using nonlinear inversion, the net displacement field between April 1996 and February 1998 can be reasonably explained by slip on the Nankai Trough subduction interface beneath the Bungo Channel. Their time dependent results showed slip propagating from the source region of the Hyuganada earthquakes to the northeast and the Bungo Channel, although Ozawa et al. [2001] suggest that this may have been an artifact of oversmoothing in the inversion. We show here, using improved inversion methods, that the silent earthquake nucleated separately $100 km to the northeast of the Hyuganada earthquakes and actually propagated back to the southwest. The intervening region between the high frequency and silent earthquakes did not experience transient slip during this time interval.
Data
[8] The Geographical Survey Institute of Japan (GSI) began to operate its nationwide GPS network on October 1994 [Tsuji et al., 1995] . This first generation nationwide network was expanded to a denser network consisting of 610 permanent stations on April 1996, and the data analysis strategy was changed to that which had been used until early 2001. An outline of the daily analysis strategy is found by Miyazaki et al. [1997] , and is reviewed briefly here.
[9] The entire data set is divided into three subnetworks based on different antenna-receiver types. Each subnetwork is processed separately using Bernese ver 4.1b software [Rothacher and Malvert, 1996] . GSI utilizes precise orbit information and Earth rotation parameters provided by the International GPS Service (IGS). The orbit and Earth rotation parameters are fixed to their a priori values, and station positions are estimated together with tropospheric zenith delays every three hours. The three subnetworks are combined by tightly constraining positions to their ITRF96 values [Sillard et al., 1998 ] (at the 0.1 mm level) of three GPS stations in Tsukuba, which are present in all three subnetworks. This procedure prevents us from determining the correlations between stations in the separate subnetworks.
[10] We use a subset of the GEONET data from 4 September 1996 to 31 December 1999, covering Kyushu and the western part of Shikoku (Figure 1 ). The network is composed of Ashtech and Trimble stations, marked with diamonds and circles, (Figure 1 ), respectively. We treat these two subnetworks as two individual networks because of the lack of correlation between them in the position covariance matrices.
[11] It is known that GPS coordinate estimates can contain translational, rotational, and scale errors in their realization of the International Terrestrial Reference Frame (ITRF). In addition to these global errors, the GSI time series contain errors due to the tight constraints on the position of the Tsukuba GPS stations, which reveals different seasonal behavior ($2 cm in vertical amplitude) from other stations in eastern Asia [Dong et al., 2002] . This may cause nontectonic benchmark motion at a site in Tsukuba to propagate into all stations within that GPS subnetwork.
[12] The formal uncertainties in the GSI position estimates are between 2 mm and 4 mm; however, these do not account for the reference frame errors described above. It is advantageous to use loosely constrained solutions from which one can estimate and remove reference frame errors [Dong et al., 1998 ]. Dong [1999] (available at http://gipsy.jpl.nasa.gov/ qoca) shows that tightly constrained solutions can be ''deconstrained'' by applying the transformation
where x old , x new are the tightly and weakly constrained positions respectively, AE x old , AE x new are their associated covariance matrices, and A old , A new are the original and new constraint matrices. We used 1 m constraints for all sites, which causes the formal position uncertainties to increase to between 4 and 20 mm. An example of the deconstrained time series (only EW component) are shown in Figure 2 , together with the original tightly constrained solution, where error bars are omitted for clarity. The deconstrained solutions exhibit a markedly increased seasonal amplitude. Dong [1999] suggests that the deconstraining procedure increases the noise at the originally constrained site (Tsukuba in this case). Hence, the majority of the seasonal variation observed in the position time series may come from noise at the Tsukuba station though there may be other contributions to the seasonal variations. In the remaining analysis, we use the deconstrained solutions to reduce the effect from any inconsistency that comes from the tight constraint in the Tsukuba stations.
Method
[13] We employ the Network Inversion Filter [Segall and Matthews, 1997] Hirose et al., 1999] . In contrast, the Network Inversion Filter does not assume any functional form for the time series but allows a nonparametric estimation by employing an appropriate stochastic model for the temporal evolution of fault slip. In addition, the Network Inversion Filter treats the whole network simultaneously rather than as individual time series. By analyzing the entire network simultaneously, the filter can discriminate between local time-dependent benchmark motions, and temporal variations in fault slip-rate. Hence, it is in principal possible to detect small coherent signals that are invisible in the individual time series if the network is dense enough. Segall and Matthews [1997] demonstrated that the filter can detect signals with signal-to-noise ratio smaller than 1.
[14] The Network Inversion Filter algorithm of Segall and Matthews [1997] was modified by Segall et al. [2000] to allow missing observations at the initial epoch. Segall et al. [2000] also show how to separate spatial and temporal Figure 2 . An example of time series for the original tightly constrained solution (top panels), for the deconstrained solution (middle panels) and the one from which the reference frame component is removed (bottom panels), for station Sadowara (0095) near the Hyuganada area, Tosa-Shimizu (0085) near the Bungo Channel, and Genkai (0091) far from the Nankai Trough. Note that the scale is different only for the deconstrained solution. Error bars are omitted for the clarity.
smoothing by implementing the spatial smoothing through pseudo-observations. This method has been applied to the postseismic deformation following the 1989 Loma Prieta Earthquake [Segall et al., 2000] , the 1999 Izmit earthquake [Burgmann et al., 2002] , and volcanic deformation accompanying the 1997 dike intrusion beneath the Izu peninsula in Japan [Aoki et al., 1999] . In the present study, we utilize an extended Network Inversion Filter that accounts for reference frame errors in the GPS observations, constrains the fault thrust slip-rate to be nonnegative, and estimates the temporal and spatial smoothing parameters by including them within the state vector (McGuire and Segall, submitted manuscript, 2002) .
[15] We model the GPS station positions relative to an a priori estimate ÁX(t), as a function of time t, as follows
where the left hand side represents position corrected for secular, or steady state motion. Here V is the secular velocity and t 0 is the reference epoch. We assume that ÁX(t) and V are uncorrelated so that the covariance matrix for the effective data (i.e., the left hand side of (3)) is given by
, where AE x (t) is the covariance matrix of the positions, and AE V is the covariance matrix of the secular velocities.
[16] The first term on right hand side represents coseismic displacements. ÁX cos(k) are coseismic offsets at times t eq(k) , and H(t) is a Heavyside function. The second term on the right hand side represents deformation due to transient aseismic slip. We relate the time dependent site motions to slip on faults in an elastic medium as a function of position X and time, s p (X, t À t 0 ) through Green's functions G pq r (x, X) in a homogeneous, isotropic, elastic half-space [e.g., Okada, 1985] . In (3) p, q, r = 1, 2, 3, and summation on repeated indices is implied, n q (X) is the unit normal to the fault surface A(X).
[17] The remaining terms are related to measurement and reference frame errors. The term Ff(t) represent reference frame errors, where F is a linearized Helmert transformation [e.g., Hofmann-Wellenhof et al., 1997] and f(t) is a vector of rigid body translation, rotation, and scale factor (see Appendix A). We assume that reference frame errors are uncorrelated in time and model them as a white noise process with variances appropriate for the deconstrained GSI solutions (as large as 5 m for translation, 800 mas for rotation, and 5 Â 10 À8 for scale). As we show below, seasonal variations observed in the data are coherent across the entire network and are largely removed by the reference frame corrections (Figure 2) .
[18] The fourth term on the right hand side of (3), L(x, t À t 0 ), represents random benchmark wobble, which we model as a Brownian random walk with scale parameter t (units length/time 1/2 ) [Wyatt, 1982 [Wyatt, , 1989 . Some studies have advocated a flicker noise model for benchmark motion Mao et al., 1999] . However, the observing period in these studies is at most 10 years. In addition, GPS data quality in 80s to early 90s is not satisfactory because of, e.g., inaccurate satellite information, and it is likely to have caused a high frequency noise. On the other hand, Langbein and Johnson [1997] using over 10 years of data show that a random walk fits the data quite well. Without a long time series it is very difficult to distinguish between flicker noise (with a 1/f spectral decay) and random walk (with a 1/f 2 spectral decay). A key feature of the Network Inversion Filter is that it can distinguish spatially correlated transient signal from site specific colored noise. The reason for this is that elastic deformation causes a spatially coherent signal, whereas the local benchmark motions are, by definition, assumed to be spatially incoherent. The fact that the local benchmark motions are spatially incoherent may be more important than the precise form of the spectral decay in the time domain. Y. Aoki (personal communication, 1999) Segall et al. [2000] , the station positions at the reference epoch, ÁX 0 , are separate parameters from the benchmark motion, L(x, t À t 0 ), where L(x, 0) = 0. It is more compact, however, to combine these parameters and allow the random walk to start at ÁX 0 , L(x, 0) = ÁX 0 .
[20] The final term represents observation error, which we assume to be normally distributed with zero mean and covariance s 2 AE x , where AE x is the covariance matrix of the deconstrained GPS positions, and s 2 is a scale factor to account for unmodeled errors such as multipath, or azimuthally varying path delays.
Estimation of Reference Frame Parameters
[21] Before we apply the Network Inversion Filter, we demonstrate that the estimation of reference frame parameters at each epoch is an efficient way to eliminate common mode errors in GPS time series (For an alternate approach, see and Wdowinski et al. [1997] ). For this purpose, we estimate only reference frame parameters and positions, and exclude aseismic slip, coseismic deformation, and benchmark wobble. In this case equation (3) reduces to
Since the two subnetworks are uncorrelated, we process each of them separately. It should be noted that the residuals to this model contain crustal deformations. This violates the assumption of the Kalman Filter that the residuals follow a Gaussian distribution. The deformation may be mapped either to benchmark wobble or to reference frame parameters, and therefore, the residual time series do not reveal the deformation accurately, and are not used in the estimation of fault slip in the following analysis.
[22] Figure 2 compares time series of the tightly constrained data, deconstrained data, and the residuals, after estimating and removing reference frame shifts, for three stations: Sadowara (0095), which is one of the closest stations to the epicenter of the 1996 Hyuganada earthquakes, Tosa-Shimizu (0085), which shows a significant displacement by the silent thrust event, and Genkai (0091), which is located far from the plate boundary (see Figure 1 for the locations). It is clear that much of the noise is removed by this procedure, and that the residual time series for Sadowara and Tosa-Shimizu clearly show crustal deformation associated with those events. In contrast, the Latitude and longitude = position of the lower right edges of the fault planes; D = depth of the lower edge; W = width; L = length; f = strike measured clockwise from the north; d = dip angle. (Figure 2 ). These results also support our assumption that the transient signals have decayed and the deformation has returned to steady state by April 1998. In the remainder of this study, we estimate reference frame parameters simultaneously with the other model parameters.
[23] Note that for small networks it is possible to model reference frame errors as rigid body translations alone. For this network, which has dimensions of roughly 1,000 km (Tsukuba stations are included), we have found that failing to include rigid body rotations results in differences of as much as $6 mm in the estimated reference frame corrections.
Estimation of Secular Velocity
[24] There is not enough data prior to the first of the Hyuganada earthquakes to obtain good estimates of the secular velocity. One possible approach is to estimate the steady backslip on the Nankai trough, following Savage [1983] . However, part of the secular deformation is due to processes other than subduction [e.g., Tada, 1984 Tada, , 1985 , so that this approach is not fully appropriate for estimating steady state deformation. To circumvent this problem we estimate the secular velocity from the time period 1998.25 to 2000.00, which we believe to be after the important transient signals have decayed and the deformation has returned to steady state [Hirose et al., 1999] . For more robust estimation of secular velocities, it is preferable to have at least 2.5-3 years of time series because of the presence of seasonal variations. Therefore, our approach is a suboptimal one to estimate secular velocities, but one that is dictated by the available data.
[25] For the secular velocity estimation, we use the deconstrained solutions, so that the absolute positions are weakly constrained. We impose a priori constraints as tight as 1 mm/yr for the horizontal velocity components at sites 0082, 0087, 0092, 0098 in the Ashtech and 0430, 0444, (Figure 1) to their a priori values in ITRF96, leaving constraints for other components as loose as 1 m/yr and those for all site positions as large as 1 m. These constraints apply only to the estimated secular velocity and do not directly influence the inversion for time dependent slip. Since there is no correlation between Ashtech and Trimble subnetworks, we perform the velocity estimation separately for each.
[26] Observation sites on Shikoku show the effect of strong coupling at the Nankai Trough, as was pointed out in several studies [Ozawa et al., 1999; Ito et al., 1999; Mazzotti et al., 2000; Miyazaki and Heki, 2001] . The situation changes rapidly as we proceed southwest to Kyushu. Although northeastern Kyushu still shows the plate interaction at the Nankai Trough, velocities in the southern part are more or less southeastward. It is presently not known whether this pattern is due to variability in plate coupling or to other processes such as back arc spreading in the Okinawa Trough [Tada, 1984 [Tada, , 1985 . In the present paper, we do not attempt to model the secular velocity field but simply subtract the velocity in ITRF96 from the deconstrained GPS data.
Transient Fault Slip at the Nankai Trough
[27] We performed the full network inversion filter using equation (3) and the all the available data from 4 September 1996 to 31 March 1998. The fault geometry is slightly complicated in the study area. The dip angle is only 7°to 15°off Shikoku while it is steeper off Kyushu (15°to 30°). The trough reveals a remarkable curvature in the Bungo channel. In the present paper, however, we use a simplified fault geometry using 9 rectangular fault segments as shown in Figure 1 and summarized in Table 1 .
[28] Both the Hyuganada earthquakes and the silent thrust slip event are thrust events as demonstrated by their focal mechanisms [Yagi et al., 1999] and estimated fault slip distribution [Hirose et al., 1999; Ozawa et al., 2001] . In this case the dip slip component should be nonnegative (positive slip is defined to be reverse). Because we have already removed the contribution of secular deformation, the estimated slip distribution represents the departure from steady state. Hence, negative dip slip means a stronger coupling than the steady state coupling. The slip should never be less (more negative) than the long-term slip-rate on the megathrust. Accordingly, we regard any solution in which the minimum slip-rate is less than some value to be unphysical and impose a nonnegativity constraint using an extended Kalman filter (see McGuire and Segall, submitted manuscript, 2002) .
[29] Coseismic displacements estimated by our inversion are shown in Figure 3 for the two Hyuganada earthquakes. The displacements are directed toward the trench, and decay rapidly with distance from the source regions. The fact that we do not observe significant deformation far from the epicentral region indicates that the NIF can resolve tectonic displacements from reference frame errors and random benchmark motions.
[30] Before we investigate the slip history, it is worth showing how the network inversion filter distinguished between transient deformation (signal) and site dependent benchmark motion (noise). Figure 4 shows time series of predicted signal components and local benchmark motions, together with the observations corrected for both coseismic displacements and reference frame shifts, at Saiki (0090) and Ohtsuki (0449), which are located near to one another in the northern part of the study area (Figure 1 ) as well as Sadowara (0095) and Kawaminami (0480), which are located near to one another in the southern part of the study area (Figure 1) . Notice that the signal components of the data are quite coherent between nearby stations, whereas the local benchmark motion components are largely incoherent. Closer investigation shows some spatial coherency in the local benchmark motions. This could arise due to any number of simplifying assumptions, such as the use of homogeneous half-space elastic Green's functions, the rectangular fault planes, or by our coarse gridding of the fault. Furthermore, it may be that temporal smoothing did not allow the filter to properly track rapid changes immediately after the earthquakes, for example at Kawaminami (0480) and Sadowara (0095) in Figure 4 , in which case the unmodeled postseismic deformation may have leaked into the estimated local benchmark motion. However, the amplitude of the benchmark component is only about 2 mm. The weighted-residual sum of squares, r T AE À1 r/N obs = 1.2, if the random walk component is excluded from the model, and approximately 1.0 if it is included, indicating that the fit to the data is satisfactory.
[31] Figure 5 shows the average velocities (departure from the secular velocities) over two periods: 28 October 1996 -25 April 1997and 25 April 1997 -19 October 1998. There is significant deformation near the Hyuganada area for the first period and near the Bungo Channel for the latter period. The time-varying slip model does a reasonable good job of describing the observed motion.
[32] The space time history of fault slip-rate is shown in Figure 6 . As expected for a (nonoblique) subduction zone environment (see Figure 1) , the strike-slip component is substantially less than the dip-slip. Averaged over the entire fault surface, the final dip-slip is 3.5 times the final strikeslip, corresponding to a rake only 15 degrees from pure thrust. From Figure 6 , postseismic slip can be seen as early as 1996.88 shortly after the first Hyuganada earthquake.
After the second, deeper earthquake, afterslip appears to extend downdip (1997.1 to 1997.2). There is also an indication that shallower slip may have spread to the southwest. There is no evidence of afterslip extending to the northeast, however. Afterslip in the epicentral region of the Hyuganada earthquakes was largely complete by 1997.9.
[33] We find clear evidence for a second locus of rapid aseismic slip at the northern end of the study area which initiated beneath the southwesternmost part of Shikoku in 1997.0 roughly one month after the second Hyuganada earthquake (Figure 6 ). The locus of maximum slip-rate clearly migrated downdip and to the southwest. The maximum slip-rate occurred around 1997.7 and then decayed gradually until the slip event was complete by early 1998.
[34] Maximum slip-rates reach 0.6 m/yr. It must be noted, however, that the particular values depend on how the fault surface is discretized and the degree of spatial and temporal smoothing. The formal uncertainties of the estimated sliprates are 0.06 m/yr on average. Spatially smoother solutions exhibit largely the same character with reduced model variance.
[35] An important question is whether the slow thrust slip event is related to the postseismic deformation of the Hyuganada earthquake or it is an independent event. We do not find evidence for slip propagating from the Hyuganada area to the Bungo area; rather the two zones are separated by a part of the plate interface that did not experience anomalous slip (Figure 7) . Hence, the slipping zones appear to be independent, although the slow thrust event might have been triggered by stress changes associated with the two main shocks.
Discussion
[36] We find no evidence that afterslip propagated over a broader region, for example from the earthquake source region to the Bungo channel. Rather, the slow thrust slip event seems to have initiated separately shortly after the second Hyuganada earthquake. Ozawa et al. [2001] show an apparent northward migration of slip from the Hyuganada source region toward the Bungo Channel [see Ozawa et al., 2001, Figure 10] . We suggest that Ozawa et al. [2001] oversmoothed their solution, which causes the slip to blur between the Hyuganada and Bungo areas. Our approach includes an objective, filter-based method for choosing the spatial and temporal smoothing parameters and consistently shows that the slip in the two regions is distinct. Indeed, early inversions (not discussed here) with smoothed depleted basis functions that did not include the nonnegativity constraint, following the approach of Segall et al. [2000] , showed similar behavior to that presented here.
[37] A second difference between our results and those of Ozawa et al. [2001] is that we find the silent thrust event initiated well after the second Hyuganada earthquake, whereas Ozawa et al. [2001] have the event starting at about the same time as the first Hyuganada earthquake. This difference is presumably due to different amounts of temporal smoothing, and emphasizes the importance of rigorous methods for determining the spatial and temporal smoothing parameters.
[38] We estimated the moment rate function for the postseismic deformation and the slow thrust slip event (Figure 8 ). For this calculation, slip on the southwestern half of the fault is associated with afterslip of the Hyuganada earthquakes, while slip on the remainder of the fault is associated with the silent earthquake. We find that the moment rate for postseismic deformation increases substantially following the first of the Huyganada earthquakes in 1996.8, reaches a maximum of $8 Â 10
19 Nm/yr in early 1997 and then decays steadily. The accumulated moment is 3.0 Â 10 19 Nm and the moment magnitude is estimated to be M W $ 6.9. Since the moment magnitudes of two Hyuganada earthquakes were 6.7, as much strain was released by afterslip over one year as by coseismic slip.
[39] We can look in more detail at the depth distribution of aseismic afterslip in Figure 6 and Figure 9 . The afterslip started at intermediate depth around the time of the first Hyuganada earthquake. The fact that the slip appears to initiate before the earthquake is presumably due to the fact that the aseismic slip is assumed to be smooth in time, not discontinuous at the time of earthquakes. Following the second, deeper Hyuganada earthquake the afterslip extended to both the deeper and shallower sections of the subduction interface. There is also a previously unidentified possible slow-slip transient in the region of the Hyuganada earthquakes around 1997.7 -1997.9 that is 5.1 Â 10 18 Nm (M W $ 6.4). If this is the case, the Hyuganada region appears to have both aseismic afterslip ETG and aseismic slip transients not related to any seismic main shock.
[40] The slow thrust slip event beneath the Bungo Channel began around 1997.0 with a rapid increase in momentrelease rate in the shallow portion of the thrust interface ( Figure 6 and Figure 10 ). This initiation occurred a few weeks after the second of the Huyganada earthquakes (Figure 8 ). The moment rate reached $1 Â 10 20 Nm/yr in early 1997 and then decayed until 1997.4. It then increased dramatically as the aseismic slip progated downdip to the southwest in mid 1997, reaching a peak rate of nearly 2 Â 10 20 Nm/yr in 1997.7. The total accumulated moment, 8.1 Â 10 19 Nm, corresponds to M W $ 7.2. (This is larger than the previous estimate of M W $ 6.6, by Hirose et al. [1999] , possibly because we compute the moment over the entire northern half of the model fault in our study.) If such a slow event occurred once every several tens of years, it would release the total strain accumulated over the interseismic period. It is worth noting that such transient slip events are ''invisible'' except by continuous geodetic measurements, and may be a key factor in explaining the discrepancy between subduction zone coupling ratios obtained by seismology and geodesy [e.g., Shen-Tu et al., 1995] .
[41] Kato and Hirasawa [1999] found from a numerical simulation based on rate and state friction laws that aseismic slip similar to the slow thrust slip event can occur if the crust has a heterogeneous distribution of friction parameters. They showed that slow slip events can occur in a ratestrengthening zone localized between two rate-weakening zones. The slow event imaged in Figure 6 occurred north of the M 7.5 1968 Hyuganada earthquake, an area that does not reveal significant slip in our inversions. These results may suggest that friction is heterogeneous on the plate boundary interface in this region. Also, the variability in slip behavior may result from complex dynamical interactions. Yoshida and Kato [2002] performed a numerical simulation with two degree-of-freedom block-spring model based on rate and state dependent friction laws. They classified the fault surface as either asperity, afterslip area, quasistatic episodic slip area, or interseismic slip area, in the (b À a) s n À L plane, where a and b are coefficients in the rate and state friction equations, s n is normal stress, and L is a characteristic slip weakening displacement. They pointed out that slip of a block near the boundary between stable and unstable areas may occur in quasistatic events. They showed that unstable slip of one block forces the other block to displace from its equilibrium, and may cause it into quasistatic episodic slips until it gets back to equilibrium. The cumulative slip is shown to be linearly dependent on L. These results suggest the interaction of multiple sites of slip under heterogeneous frictional condition may caused such an episodic slips.
[42] Hyndman et al. [1995] used thermal data to infer the coupling ratio at the Nankai Trough, off Shikoku. Although they did not discuss the Hyuganada area, they classified the Bungo channel as a transition zone, between a shallower locked zone and a deeper aseismic zone. It may be that slip in these transitional areas is more likely to occur in quasistatic events, as opposed to a high-velocity ruptures.
[43] Despite its large moment release, the Bungo Channel silent earthquake had little effect on the seismicity associated with the subducting Philippine Sea Plate. The largest deviation from the background rate was a swarm of over 100 events, including 3 with m b > 4, over the course of a week in early April of 1997 (Figure 8 ). This swarm occurred after the initiation of the Bungo Channel event, but well before the period of peak moment release (Figure 8) . It is the only swarm of significant size in the Bungo Channel area between 1995 and 2001. The largest event in the swarm (m b 4.9) had a normal faulting focal mechanism indicating that the swarm probably occurred in the subducted oceanic crust rather than on the thrust interface. Thus, despite the large strain rate and associated stress changes on the deeper part of the thrust Figure 9 . Temporal variation of the moment rate for the aseismic afterslip following the 1996 Hyuganada earthquakes in shallow (blue), medium (red) and deep (black) regions. interface, no significant inertia dominated instabilities were generated.
Conclusion
[44] We investigated the spatiotemporal variation of fault slip beneath the Nankai Trough off southwest Japan for 1.5 years following the 1996 Hyuganada earthquakes. Afterslip was concentrated near the hypocenter of the first Hyuganada earthquake, but north of the second quake. The cumulative moment released by afterslip was about 3.0 Â 10 19 Nm, approximately the same as that released by the high-velocity ruptures. We also image a slow thrust slip event beneath the Bungo Channel. The slow slip initiated about one month after the second Hyuganada earthquake beneath the southwestern part of Shikoku island. The slipping zone then propagated to the southwest and grew slowly over the next 6 months. Finally, the slip decelerated over the following 6 months. The cumulative moment released by the slow thrust slip event was about 8.1 Â 10 19 Nm, approximately the same as a M7 class earthquake. We find no evidence that afterslip from the Hyuganada earthquakes propagated to the north initiating the Bungo channel slow event. The source region of the slow thrust slip event, may mark a boundary between strong and weakly coupled plate interface. Variations in fault zone constitutive properties may account for these differences and for the unusual character of the slow event.
Other, previously undetected, slow slip events may account for substantial release of accumulated elastic strain.
